181 Ta quadrupole resonance (NQR) technique has been utilized to investigate the microscopic magnetic properties of the Weyl semi-metal TaP. We found three zero-field NQR signals associated with the transition between the quadrupole split levels for Ta with I=7/2 nuclear spin. A quadrupole coupling constant, νQ =19.250 MHz, and an asymmetric parameter of the electric field gradient, η = 0.423 were extracted, in good agreement with band structure calculations. In order to examine the magnetic excitations, the temperature dependence of the spin lattice relaxation rate (1/T1T ) has been measured for the f2-line (±5/2 ↔ ±3/2 transition). We found that there exists two regimes with quite different relaxation processes. Above T * ≈ 30 K, a pronounced (1/T1T ) ∝ T 2 behavior was found, which is attributed to the magnetic excitations at the Weyl nodes with temperature dependent orbital hyperfine coupling. Below T *, the relaxation is mainly governed by Korringa process with 1/T1T = constant, accompanied by an additional T −1/2 type dependence to fit our experimental data. We show that Ta-NQR is a novel probe for the bulk Weyl fermions and their excitations.
The
181 Ta quadrupole resonance (NQR) technique has been utilized to investigate the microscopic magnetic properties of the Weyl semi-metal TaP. We found three zero-field NQR signals associated with the transition between the quadrupole split levels for Ta with I=7/2 nuclear spin. A quadrupole coupling constant, νQ =19.250 MHz, and an asymmetric parameter of the electric field gradient, η = 0.423 were extracted, in good agreement with band structure calculations. In order to examine the magnetic excitations, the temperature dependence of the spin lattice relaxation rate (1/T1T ) has been measured for the f2-line (±5/2 ↔ ±3/2 transition). We found that there exists two regimes with quite different relaxation processes. Above T * ≈ 30 K, a pronounced (1/T1T ) ∝ T 2 behavior was found, which is attributed to the magnetic excitations at the Weyl nodes with temperature dependent orbital hyperfine coupling. Below T *, the relaxation is mainly governed by Korringa process with 1/T1T = constant, accompanied by an additional T −1/2 type dependence to fit our experimental data. We show that Ta-NQR is a novel probe for the bulk Weyl fermions and their excitations. The past decade has seen an explosion of interest in the role of topology in condensed matter physics. Major discoveries have included the two dimensional graphene [1] and the topological insulators (TI) (e.g. HgTe or Bi 2 Se 3 ), [2] [3] [4] whose topological properties require the existence of gapless surface states. Many of the new materials host exotic excitations whose observation can be regarded as direct experimental evidence for the existence of quasiparticles. Arguably, the most topical of the new classes of materials are Dirac-and Weyl-semi metals which are predicted to host topologically protected states in the bulk. [5] In Dirac semimetals (DSM), [5] [6] [7] (e.g. Cd 2 As 3 or Na 3 Bi) each node contains fermions of two opposite chiralities, whereas in the Weyl semimetals (WSM), [8] [9] [10] [11] [12] an even more interesting situation arises. A combination of non-centrosymmetric crystal structure and sizable spin-orbit coupling (SOC) causes the nodes to split into pairs of opposite chirality (Weyl points). In the ideal case, there would be exactly half filling of the relevant bands, such that the Weyl points would sit at the Fermi level (E F ) and the Weyl fermions would be massless. In actuality, Weyl semimetals such as the d-electron monophosphides NbP and TaP, E F does not exactly coincide with the Weyl nodes. [9, 10, 12] However, if the nodes sit close enough to E F , in a region of linear dispersion (E ∝ k), the Weyl physics can still be observed in the excitations in the energy window k B T . A key issue in the study of the monophosphides is therefore to establish how close to the Fermi level the Weyl points sit, and to estimate the range of energy over which the linear dispersion exists. This presents a considerable experimental challenge. The nodes appear in the electronic structure of the bulk, and the materials are fully three-dimensional, so the surfacesensitive techniques that have yielded immense insight into other topological physics are not ideally suited to studying the Weyl points. Primarily, one would like to identify a bulk probe that can excite the Weyl fermions and probe the linear dispersion E ∝ k indirectly via its energy dependence of the density of states around the Fermi level, which is N (E) ∝ E 2 for a Weyl node.
[5] The magnetic resonance method in general has the ability to probe N (E), and was applied successfully to systems like unconventional superconductors (e.g. UPt 3 ) [13] [14] [15] [16] or correlated magnetic semimetals [17] (e.g. SmB 6 [18] or CeRu 4 Sn 6 [19] ). In particular, for unconventional superconductors, the nuclear quadrupole resonance (NQR) spin lattice relaxation provides information about N (E) around the E F and allows us to distinguish between point nodes (N (E) ∝ E 2 ) and line nodes (N (E) ∝ E).
[16] Therefore, NQR should be a good tool to study the low energy spin excitations in a Weyl semi metal and is the focus of our presented work. Assuming that some of the Weyl points are energetically not too far from E F , NQR can probe the magnetic excitations of emergent Weyl fermions via the temperature dependence of the spinlattice relaxation rate (1/T 1 T ). Furthermore, a characteristic temperature dependence of the hyperfine cou- pling between the nuclear spin and electric orbitals near the Weyl nodes has theoretically been predicted which modifies the temperature dependence of (1/T 1 T ) in a special manner. [20] In fact, TaP has been known to have two sets of Weyl nodes, one located 41 meV (476 K) below E F and the other is located 13 meV (151 K) above E F . [12] Accordingly, for temperatures coinciding with the Weyl nodes, excitations associated with the Weyl fermions are expected. Here, we present such characteristic excitations via Ta NQR experiments and explore the emergent Weyl fermion excitations in TaP.
Samples used in the present NQR study were prepared by the chemical transport method. In a first step, TaP was synthesized by direct reaction of the elements tantalum (Alfa Aesar 99.98%) and red phosphorus (Alfa Aesar 99.999%) at 500
• C and 600
• C in an evacuated fused silica tube for 72 hours. Starting from this microcrystalline powder, TaP was crystallized by a chemical transport reaction (CTR) in a temperature gradient from 900
• C (source) to 1000
• C (sink), and a transport agent concentration of 13 mg/cm 3 iodine (Alfa Aesar 99.998%). Crystals obtained by the CTR method were characterized by electron-probe-microanalysis and powder X-ray diffraction.
The NQR experiments were carried out with either a high quality single crystal or powder prepared from single crystals. The NQR spectra and 1/T 1 T were measured using standard pulsed NMR (nuclear magnetic resonance) apparatus. The spectra were taken using the frequency sweep method under zero applied magnetic field. In order to avoid any artificial broadening, fast Fourier transformed (FFT) signals were summed across the spectrum (FFT-summation) or the real part was integrated after proper phase adjustment. Since T 1 is extremely long in TaP (typically several hundred seconds at low temperatures), we employed the progressive saturation method to measure the temperature dependence of 1/T 1 T . [21] The recovery of nuclear magnetization was fitted to the theoretical function [22] for the magnetic relaxation in NQR lines,
where, Q n and K n are constants depending on which NQR transition is excited and the asymmetry parameter of the electric field gradient (EFG). Using a set of principal axes, the quadrupole Hamiltonian can be written as, [23] 
where, eq is the largest component of the EFG tensor, V zz , and eQ is the nuclear quadrupole moment. The EFG tensor is generally defined as |V zz | ≥ |V yy | ≥ |V xx |, with the asymmetry parameter η = (V xx − V yy )/V zz . The quadrupole-split nuclear energy levels E m , and the resultant transition frequencies can be readily calculated numerically by diagonalizing Eq. (2). For η = 0, the energy levels can simply be expressed as,
where ν Q is the quadrupole coupling constant. The NQR occurs for the transition between two levels m and m+1 and the resonance condition can be written as f Q = ν Q (2|m|+1)/2. Therefore, for η = 0, three NQR lines for I=7/2 are expected at ν Q , 2ν Q and 3ν Q with equal spacing. We searched for the NQR signal in TaP powder in a frequency range from 20 MHz to 80 MHz at 4.2 K and found three resonance lines. The observed 181 Ta NQR spectra at 4.2 K and 40 K are shown in Fig.1 (a) and (b) . One can immediately observe that the three lines are not equally spaced, meaning that the value of η is sizable. By fitting each line at 4.2 K to a Lorentzian, we obtained the peak frequencies f 1 = 28.95 MHz, f 2 = 36.08 MHz and f 3 = 56.67 MHz. Although the full width at half maximum (FWHM) of the spectra is about 800 KHz, the line profiles are Lorentzian with long spectral tails. This implies that the EFG has a rather broad distribution. Since the Ta nuclear quadrupole moment is quite large (besides rare-earth and actinide elements, the 181 Ta nucleus has the second largest Q-value), the NQR spectrum can be broadened easily by merely a slight local inhomogeneity or nonstoichiometry in the composition. A least squares fit of the observed peak frequency to the theoretical quadrupole interaction obtained from exact diagonalization gives us ν Q = 19.250 MHz and η = 0.423. The same results were also obtained for a small single crystal at 4.2 K. We also measured the spectra up to 80 K and found that there is no appreciable temperature dependence of the η value but ν Q has a gradual decrease with increasing temperature (see Supplement for more details).
In order to extract the quadrupole interaction in TaP theoretically, we performed band structure calculations using the density functional theory (DFT) code FPLO. [24] We used the Perdew-Wang parametrization of the local density approximation (LDA) for the exchangecorrelation functional. [25] The strong SOC in TaP is taken into account by performing full-relativistic calculations, wherein the Dirac Hamiltonian with a general potential is solved. The treatment of a finite nucleus is implemented in the code, necessary for accurate estimation of NQR parameters. [26] As a basis set, we chose Ta (4f /5s5p6s7s8s5d6d7d6p7p5f ) and P (2s2p3s4s5s3p4p5p3d4d4f ) semi-core/valence states. The higher lying states of the basis set are essentially important for the calculation of the EFG tensor with components V ij = ∂V /∂x i ∂x j . The low lying states were treated fully relativistically as core states. A wellconverged k mesh in 1210 k-points was used in the irreducible part of the Brillouin zone. Theoretically, the quadrupole coupling, ν Q can be obtained by calculating the electric field gradient (EFG) at the Ta nuclear site which is defined as the second partial derivative of the electrostatic potential v(r) at the position of the nucleus V ij = (∂i∂jv(0) -∆δ ij v(0)/3). Our calculations result in Before discussing the temperature dependence of 1/T 1 T , we have to make sure that the relaxation is governed by the magnetic fluctuations associated with the conduction electrons, although the density is quite small in semi-metals. To answer this, we have made careful measurements of the time dependence of the recovery of nuclear magnetization from saturation to thermal equilibrium for all temperatures and NQR lines. Then, assuming that magnetic fluctuations are responsible for the nuclear relaxation process, the relaxation curves were fitted to Eq. (1) using calculated prefactors and exponents (Table. I) for the observed value of η = 0.423. The experimental results and fitted curves are shown in Fig. 2 . Here, we have a perfect match between the two for all temperatures and NQR lines, providing very strong evidence that the relaxation process is totally governed by magnetic fluctuations and yielding assurance to the accuracy of the T 1 values that were extracted.
The temperature dependence of 1/T 1 T has been measured mainly for the f 2 -line and the obtained result is shown in Fig. 3(a) . One can immediately observe that there exists a characteristic temperature T * ≈ 30 K, where the relaxation process has a crossover from a high temperature T 2 behavior (which is presumably associated with the excitations in the nodal structure of Weyl points) to the low temperature Korringa excitations [27] for parabolic bands (E ∝ k 2 and N (E) ∝ √ E) with a weak temperature dependence.
Quite generally, 1/T 1 T can be expressed using the wave vector (q) and frequency (ω) dependent magnetic susceptibility χ(q, ω), characterizing the magnetic excitations in a system as, [28] 1
where χ ′′ ⊥ (q, ω) is the transverse component of imaginary part of χ(q, ω), γ n is the nuclear gyromagnetic ratio (1), (2) and (3) are expected temperature dependence from the second term (Weyl nodes) not including the exponent, while curve (4) includes the exponent. The T −1/2 dependence associated with the conventional bands is depicted by curve (5) . The magenta curve is the total relaxation behavior expected from Eq. (5) and matches the experimental results.
and A q is the q-dependent hyperfine coupling constant. Presently, a proper microscopic theory to accurately calculate χ(q, ω) for multi-band systems is lacking. Consequently, we have evaluated a theoretical estimate for 1/T 1 T based on non-interacting itinerant electrons approximation, using standard DFT. In the band structure of TaP, besides the normal bands, two types of Weyl points appear. The first set of Weyl points, termed W1 and located in the k z = 0 plane, and lie ∼ 40 meV below E F . The second set of Weyl points, W2, which lie nearly in the k z = π/c plane (c is the lattice parameter along z) are ∼ 13 meV above E F . [12] This feature is shown schematically in the insert of Fig. 3(a) (see details in Supplement). Based on this band structure, one can easily imagine that the conventional Korringa process is valid for very low temperatures, with the upper bound limited by the energy of W2. Upon further increasing the temperature, excitations at the Weyl node W2 should become progressively dominant. Then, 1/T 1 T may be phenomenologically expressed in a two-channel relaxation model by
where, the first term corresponds to excitations associated with parabolic bands (E ∝ k 2 ) via the conventional Korringa process [27] with the hyperfine coupling constant A hf p . The second term is characteristic to the excitations of the Weyl nodes and linear bands (E ∝ k) with A hf w . Herein, we have ignored the q dependence. α is the scaling factor. The term
depends on the nodal structure and f (E) is the Fermi distribution function. Because of the gap (∆E) between W2 and E F , we include an activation term, exp(∆E/k B T ) in the second process. In general, for the point nodal case, we know ∆(θ, φ) = ∆ 0 sinθ, and N (E) ∝ E 2 ; accordingly 1/T 1 T ∝ T 4 , which was observed experimentally for a point node superconductor. [28] Recently, anomalous hyperfine coupling due to orbital magnetism in the Weyl node has been predicted theoretically, [20] where the orbital contribution to A hf w has a 1/T dependence. Then, the second term of Eq. (5) becomes T 2 exp(−∆E/k B T ). For the first term (T < 30 K), experimental data shows a T −1/2 temperature dependence, despite the temperature independence of the Korringa process. The origin of this is not clear but we may speculate that correlation among excited quasiparticles may affect it. Setting ∆E/k B ≈ T * (30 K), the expected temperature dependence is obtained by summing up the above contributions. As schematically shown in Fig 3. (b) , choosing α = 10 −3 , Eq. (5) is in fairly good agreement with the experiment. In particular, we clearly see a T 2 dependence for T > T * which we believe to be the manifestation of Weyl fermion excitations near the Weyl points in TaP.
In conclusion, we have reported the observation of a complete set of 181 Ta NQR lines in Weyl semimetal TaP. All observed NQR lines are consistently assigned to the transitions between m-and (m+1)-states (m = ±5/2, ±3/2 and ±1/2). From our measurements, we obtain an asymmetry parameter η = 0.423 and a quadrupole coupling constant of ν Q = 19.250 MHz. These findings are in good agreement with DFT calculations which provide η = 0.33 and ν Q = 20.057 MHz. The low energy excitations as a function of temperature were probed through the Ta spin lattice relaxation rate (1/T 1 T ) which shows a pronounced T 2 behavior above T * = 30 K and a T −1/2 behavior below T *. The relaxation process below T * is mostly related to the conventional density of states (N (E) ∝ √ E) which yields an almost constant density of states at E F (Korringa process). However, we have to postulate correlation effects as an origin for the T −1/2 behavior below T *. For T > T *, by taking into account temperature dependent orbital hyperfine coupling and activation-type relaxation processes to the W2 points, we were able to explain the T 2 behavior in a convincing way. For the unique case of the Ta-based WSM, we have shown that the NQR method is a direct local probe for low energy Weyl fermion excitations in the bulk. This is rather important because such excitations are one of the main ingredients for the unconventional electrons trans-port found in these new materials. It would be interesting to take a deeper look into other conventional bulk probes such as thermo-power to explore signatures of Weyl fermions, and to extend the NQR study to other Ta-based Weyl-and Dirac-semi metals.
Supplemental Material

TEMPERATURE DEPENDENCE OF νQ AND η
The temperature dependence of the quadrupole frequency ν Q (T ) generally decreases with increasing temperature (Fig. S1 ) which is correlated to the lattice expansion. Owing to the fact that the origin of the EFG is the non-spherical distribution of surrounding point charges it may be easy to understand the thermally activated anharmonic phonon vibrations. This mechanism may be applicable to the case where onsite electric contribution to the EFG is negligibly small, and using the characteristic phonon frequency ν L , ν Q (T ) is expressed as
where, ρ(T ) is the temperature dependent phonon distribution function given by ρ(T ) = coth(hν L /2k B T )/2 and λ is a lattice structure dependent parameter. Al- though Eq. (S1) has been applied successfully to insulating Cu 2 O, the origin of the EFG in the present case is due to the onsite electric contribution related directly to the symmetry of the electronic wave function of the bands at the nucler site. In such a case, there is no analytical expression for ν Q (T ). Therefore, we adopt an empirical form for conventional non-cubic metals,[S1]
where there exists a correlation between the magnitude of ν Q (0) and the strength of the EFG's temperature variation, quantified by the coefficient A. A least-squares fit of the data above 60K to Eq. (S2) yields the following values: ν Q = 19.252 MHz, A = 3.57×10
CALCULATION OF 1/T1T FROM NON-INTERACTING BAND STRUCTURE IN TAP
We have performed ab − initio density functional theory calculations for the band structure of the TaP using the Vienna ab-initio simulation package (VASP) [S2] employing the modified Becke-Johnson (MBJ) potential [S3] for the exchange-correlation functions. Then we projected the DFT Bloch wave functions into the maximum localized Wannier functions by the Wannier90 package. [S4] Based on the tight-binding Wannier Hamiltonian, we interpolate the density of states by a dense k-grid of 400 × 400 × 400 in the first Brillouin zone. Calculated N (E) are shown in Fig. S2 (left) . The nuclear spin-lattice relaxation rate for non-interacting electrons are calculated by the following formula[S4, S5]: where, A ⊥ is the hyperfine coupling constant; γ e , γ n are the electronic and nuclear gyromagnetic ratios, respectively. The electronic density of states for spin up and spin down electrons is simply evaluated via Zeeman splitting D ± = E(E ∓ E z /2)/2 (we take E z = 0 here to estimate the zero field case). f (E) is the Fermi-Dirac distribution to include temperature dependent behavior and δ(E − E ′ ) is the delta function. As we are mainly interested in the temperature-dependence of T 1 , the prefactors before the integral make no difference in the general trend. Thus, we normalized arbitrarily the calculated values to the experimental value at 2K, which is shown in Fig. S2 (right) . Although the general feature is similar to the experiment, it should be noted that the energy scale of the point where 1/T 1 T starts increase is roughly one order of magnitude larger than the experimental value and the W2 energy. So, we can conclude that the increase of 1/T 1 T here is just due to the influence of other bands and not related to the excitations around Weyl points. One of the possible origins of this discrepancy is the lack of an adequate account of electron-electron interactions in theory.
